Chemical vapor deposition is an inexpensive way to batch-process solar cells with good uniformity and facilitates low-cost production. Formamidinium lead iodide perovskite has a smaller energy band gap and greater potential efficiency than the widely studied methylammonium lead iodide perovskite and better temperature stability. This work is the first demonstration of vapor deposition of formamidiniumbased perovskite. A self-limiting perovskite formation process is recommended, with efficiencies as high as 14.2% and stability up to 155 days after fabrication. Using this process, a batch of semi-transparent solar cells with a large area of 1 cm 2 was fabricated. We monitored the growth of perovskite in real time and provide insight that may not be accessible for a solution based process. We directly measured chlorine in perovskite films and correlated the concentration of chlorine with efficiency and stability.
Introduction
The world uses $12.5 terawatt of energy and approximately 80% of it comes from fossil fuels such as oil, coal, and gas.
1 Due to the rapidly declining costs of silicon solar cell production, the cost of photovoltaic electricity has reached parity with grid energy in many parts of the world.
2 Solar energy production should now be viewed as cost-competitive, in addition to having a carbon footprint an order of magnitude lower than fossil fuel technologies. 1 The eld of organometal halide perovskite solar cells (PSCs) is rapidly growing, 3 and low-temperature processing and low-cost materials promise to further reduce the cost per watt. PSCs have demonstrated up to 20.2% efficiency, 4 which is competitive with commercial silicon solar cells, and have demonstrated solar areas up to 100 cm 2 with 4.3% efficiency.
5
PSCs have been fabricated by a variety of methods such as spin coating, 6, 7 vapor assisted solution process, 8 blade coating, 9 slot die, 10 dual-source vapor deposition, 11 hybrid deposition, 12 chemical vapor deposition (CVD), 13 spray coating, 14 etc. Some of these, like spin-coating, may be difficult to scale up, while CVD is used for a wide variety of industrial processes. 15, 16 Perovskite materials have the general formula of ABX 3 and a wide variety of PSCs have been reported. Typically, the A component is methyl ammonium or formamidinium. B is a metal, such as lead or tin, and X is a halide, typically chlorine, iodine, or bromine. This work shows that formamidinium iodide (FAI)-based perovskite is a promising alternative to the widely studied methylammonium-based perovskite for solar cell applications. Solar cells typically need to operate under high temperature conditions, and FAI perovskite's improved temperature stability will facilitate a longer lifetime. 17 Furthermore, the smaller energy band gap of $1.5 eV of FAI solar cells has a broader absorption band and potentially better performance. The current record PSC uses FAI containing perovskite. 4 To date, almost all solar cells made with FAI have been prepared using a solution process. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] CVD offers an inexpensive way to scale-up PSCs because it is amenable to batch-processing. In addition to a higher throughput, batch processing can improve sample-tosample uniformity. The self-limiting nature of perovskite formation by CVD improves batch-to-batch reproducibility. Furthermore, because perovskite growth is performed at temperatures commonly used for annealing, no additional annealing step is required, which improves reproducibility and reduces equipment requirements. This work is the rst demonstration of fabrication of FAI-based PSCs using CVD that are stable even aer 155 days, with efficiencies as high as 14.2%. Solar cells with areas as large as 1 cm 2 provide efficiencies reaching 7.7%.
Results and discussion

Perovskite solar cells fabricated by CVD
Perovskite was formed in a 2-step process, in which a thin lm of lead halide was rst deposited onto substrates pre-deposited with a TiO 2 blocking layer. These substrates were loaded into one zone of a CVD tube furnace and FAI was loaded into a separate zone (Fig. 1a) . The tube was then evacuated and purged with dry nitrogen. Substrates were rst ramped up to 160 C.
Thereaer, the FAI source material was heated to 180 C, causing it to sublimate. Typically, PbCl 2 is thermally evaporated to a thickness of 100 nm. Upon full saturation with FAI, the lm thickness increased from 103 AE 2 nm (PbCl 2 ) to 324 AE 6 nm (perovskite). A completed solar cell would be coated with a hole transport layer made of spiro-MeOTAD, and would have gold top contacts (Fig. 1b) .
FAI deposition
Under these growth conditions, FAI deposition appears to be largely mass transport-limited, meaning that the rate of conversion from PbCl 2 to perovskite is limited by the amount of FAI transported to the substrate in the vapor phase. mostly converted to lead iodide, this is consistent with the yellow color, the appearance of an X-ray diffraction (XRD) peak at 12.6 ( Fig. 2b) , and the X-ray photon spectroscopy (XPS) measurement of the lead to iodide ratio of approximately 2 : 1 ( Fig. S1 †) . At higher concentrations of FAI, the lm begins to form perovskite and turns from yellow to black. XRD peaks form at 13.9 , 28.0 , and 31.5 . With enough FAI for complete conversion, the lm appears red in color and XRD peaks at 24.4 and 40.2 appear. These 5 peaks are consistent with trigonal perovskite in the P3m1 space group. 29 At this stage, there is a dened absorption edge at $830 AE 10 nm (1.50 eV) in the UV-vis spectrum (Fig. S2 †) .
With increasing FAI, the lm becomes oversaturated. It transitions from red to yellow, and a new yellow crystal structure forms with peaks at 9. 27 or bulk FAI can form during the CVD process. It would be interesting to characterize the structure of these yellow phases in more detail, but that is beyond the scope of this study.
Again, under low temperature conditions there is a gradient in the FAI vapor concentration along the length of the CVD tube. Samples have progressively less FAI deposited with increasing distance from the FAI source (from E to A) (Fig. 1) . XPS was performed to conrm that sample E has more FAI than sample A. From the XPS spectrum, it is possible to measure the relative ratios of iodine and nitrogen relative to lead. Because all nitrogen in the samples comes from FAI, the gradient in the FAI concentration in samples E-A is conrmed by XPS results (Fig. 2d ) and the FAI concentration determines the phase.
FAI saturation and device performance
Five representative batches of solar cells were fabricated, each with variable FAI deposition and heating times. These batches represent differing levels of FAI absorbed into the perovskite lm, or levels of "saturation". The degree of saturation is determined by visually monitoring the growth in situ. Details of each run are provided in the ESI. † In the rst batch, source FAI was kept at 180 C for a short time, and consequently this batch is believed to have been slightly undersaturated with FAI and devices fabricated had an average efficiency of 10.5% AE 0.7% (Tables 1 and S1 , Fig. 3 , and ESI video †). To test the roles of packing density and orientation, FTO glass substrates were loaded vertically, otherwise the CVD process was kept the same. This batch had a lower average efficiency of 7.8% AE 1.3%, which is likely due to being highly undersaturated with FAI. This suggests that FAI deposition depends on how substrates are loaded; tightly packed substrates take a longer time to convert to perovskite than loosely packed samples. A third batch was controlled by watching the batch and reducing the applied heat when substrates appeared to be saturated. This batch was completely saturated, but did not turn yellow like Fig. 2e , and showed the highest batch average efficiency of 13.0% AE 0.2%.
The perovskite formation process is reversible, in that lms in the saturated yellow phase transitioned back to the perovskite phase when the FAI heat source was turned off and the substrate was kept at 160 C (Fig. S3 and video †) . This reversibility makes the CVD process more robust and easier to scale up, because it may be difficult to precisely control the amount of deposited FAI over the entire length of the CVD tube. A selflimiting desorption process ensures that substrates complete perovskite formation despite variations in saturation. A fourth batch was oversaturated with FAI, this growth was held at 160 C for 1 h, which de-saturated the perovskite aer the FAI heat source was turned off. This batch had an average efficiency of 11.5 AE 1.0%. A steady state measurement operating at 0.75 V was taken from the champion cell of this batch and gave a current density of 15 mA cm À2 , corresponding to a PCE of 11.3% (Fig. S8 †) .
Large-area solar cells
A batch with high oversaturation was fabricated with an area of 1 cm 2 and showed efficiencies as high as 7.7% (Fig. S5 †) . This efficiency was measured aer 4 days of air exposure without encapsulation, which shows promise for long-term stability ($23 C and 40-50% relative humidity). The completed device (i.e. with Au top electrodes) was uniform in color and semitransparent, demonstrating that PSCs made with CVD are compatible for applications such as solar windows.
Grain size, phase history, and efficiency
One reason for the decreased efficiency of oversaturated perovskite is apparent from atomic force microscopy images of the surface morphology (Fig. 4) . The apparent grain size of oversaturated batches is smaller (730 nm AE 360 nm) than that of saturated batches (970 nm AE 420 nm). Oversaturated samples likely have smaller grains because they must rst convert from perovskite to the "yellow phase," and then upon desorption of FAI, they must convert back to perovskite. This means that oversaturated lms make comparatively larger changes in the crystal structure in roughly the same time as lms that never converted to "yellow phase." This decrease in size is more pronounced when lms are highly oversaturated (500 nm AE 230 nm).
Chlorine concentration and efficiency
Despite the apparent conversion of PbCl 2 to PbI 2 , samples grown with an initial PbI 2 layer consistently had lower V oc and ll factors than samples made with PbCl 2 , even when samples were grown in the same CVD batch, or had similar grain sizes (Table S1 and Fig. S6 †) . This suggests that another mechanism related to chloride ions improves performance. In this study, chlorine was not directly detected by either XPS or XRD, but was detectable in time-of-ight secondary ion mass spectroscopy (ToF-SIMS). Perovskite samples similar to those formed in Fig. 2a were grown on glass, (labeled A2-E2 to differentiate this batch from previous samples on FTO). Samples A2, C2 and E2 were measured by ToF-SIMS (Fig. 5 ). All three samples showed insignicant numbers of chloride ions on the top surface, but signicant numbers near the bottom for samples A2 and C2. Furthermore, chlorine measured near the bottom surface decreased with increasing FAI saturation. This is consistent with expectations because FAI is deposited on the top surface. Iodine rst displaces chloride ions on the top and gradually proceeds down to the bottom. Also, with increasing amounts of iodine deposited, fewer chlorine atoms remain in the perovskite. Therefore, oversaturation depletes the concentration of chloride ions and provides an additional mechanism beyond the grain size that likely affects efficiency. It is possible that the chlorine ions in the less saturated lms have improved carrier lifetime. 30 By adjusting the degree of oversaturation, the chlorine concentration within the lm can be tuned to optimize solar cell performance.
Stability
Temperature stability is important for all solar cells because they are required to operate under the heat of the sun. It is especially important for the CVD process because perovskite is grown at high temperatures. FAI is reported to have greater thermal stability than MAI.
17 A simple test of MAI and FAI based perovskite lms grown by CVD shows that the decay rate at 120
C in air appears to be slower for FAI (Fig. 6 ).
A substrate with 4 samples from the "oversaturated" growth was chosen to monitor stability. Samples were stored in a nitrogen glovebox between measurements. The devices were found to be stable up to 155 days. The highest efficiency measurement of 14.2% was taken 42 days aer fabrication. Aer 155 days, the average efficiency increased from 11.3% to 11.8%. Similarly, small improvements were observed previously with MAI-based perovskite cells made using CVD. 13 This improvement in efficiency may be due to the improved charge transport properties of spiro-MeOTAD induced by air exposure, 31 but the mechanism aside, the important issue is that the cells do not decay with time in an inert environment, which provides hope for stable cells with proper encapsulation (Table 2) .
Methods
Substrate preparation
FTO glass (Pilkington, 7 U/g) was patterned by etching with Zn powder and 2 M HCl followed by brushing the surface with detergent, rinsing with deionized water, and sonication in 2-propanol. A compact layer of TiO 2 was then deposited via spray pyrolysis using a precursor solution of acetylacetone, Ti(IV) isopropoxide, and anhydrous ethanol (3 : 3 : 2) on a pre-heated hot plate at 480 C. This layer was approximately 65 nm thick (prolometer, Bruker).
Perovskite lm growth by CVD
Perovskite lms were grown in a two-step process where lead halide was rst deposited onto substrates, followed by CVD deposition of FAI (Dyesol) which converted the lm to perovskite. Unless stated otherwise, all perovskite lms were prepared by depositing a 100 nm layer of lead chloride onto substrates by thermal evaporation (at 2.0 Â 10 À2 Pa, approximately 0.1 to 0.4Å s À1 , using PbCl 2 powder, Sigma-Aldrich).
The thickness was monitored with a quartz-crystal microbalance and additionally measured using a prolometer. Substrates pre-deposited with PbCl 2 were loaded into a 2-zone CVD furnace, where the rst zone was loaded with $1 g of solid FAI powder and the second zone with substrates. For all devices reported in Fig. 3 , substrates were ramped up to 160 C, and then FAI was ramped to 180 C. Essentially, all FAI absorption occurs when the substrate is at 160 C. This temperature was measured with a thermocouple placed inside of the CVD tube to guarantee a temperature measurement similar to the substrate. All devices were grown in a 6 cm region between labels B and D marked on the CVD tube to maximize batch uniformity (Fig. 1) . Total FAI sublimation time was approximately 30 min, where FAI was held at 180 C for $6-16 min, and $20 min was required for ramp up and cool down. The amount of FAI consumed was typically $50 mg or less. FAI temperature was allowed to cool below 160 C and substrate heating was turned off.
Device fabrication
Solar cell device fabrication was completed by spin-coating a hole transport layer that consists of a mixture of three materials: spiroMeOTAD (2,2 0 ,7,7 0 -tetrakis(N,N-di-p-methoxy-phenylamine)-9,9 0 - Fig. 6 Perovskite films made with FAI are more thermally stable than MAI. Samples are left on a hot plate at 120 C in air with $50% relative humidity. The MAI sample begins to decay at the edges after 6 h, while the FAI showed no sign of decay. After 17 h, the MAI film nearly completely decayed, while the FAI showed signs of decay but maintained a darker color. Perovskite films prepared on glass are approximately 300 nm thick. Photographs are taken with illumination from the bottom. 
ToF-SIMS measurements
Time of ight secondary ion mass spectrometry (ToF-SIMS) measurements were performed to study the role of chlorine. The Cl À ion signal was normalized based on its ratio to the total ion yield in negative ion extraction mode. Chlorine counts were binned from 34.92 to 35.02 amu. We thank ULVAC-PHI, Inc. for helping with ToF-SIMS measurements.
Solar cell measurements
Current-voltage (I-V) characteristics of solar cells were measured under 1-sun illumination (AM 1.5 G, 100 mW cm À2 ) using a solar simulator (Newport Oriel Sol 1A) and a Keithley 2400 source meter. All measurements were performed without a mask, in ambient air at $23-25 C and a relative humidity of $40-50%. All measurements were made with a sweep rate of $0.4 V s À1 with a range of À0.1 to 1.1 V, and 60 s of light preillumination.
Film characterization
X-ray diffraction spectra were measured using a D8 Discover (Bruker). Atomic Force Microscopy images were taken using an Asylum MFP-3D in AC mode. UV-vis absorbance spectra were measured on a Jasco V-670 spectrometer. X-ray photoelectron spectroscopy was performed with an AXIS Ultra DLD (Kratos Analytical Ltd.) using monochromated Al Ka X-rays.
Conclusions
Tight process control may be at odds with a cost-effective process. A more robust process demonstrating stability and reasonably high efficiency is more desirable. In the reversible process (i.e. oversaturation), desorption of FAI appears selflimiting, making the FAI oversaturation process both robust and convenient to control. This process produced uniform lms along the length of the CVD tube and was easier to reproduce from batch to batch. By adjusting the degree of FAI oversaturation in the perovskite lm, the chlorine content can be adjusted, subsequently changing performance and stability. This process demonstrated efficiencies as high as 14.2%, with a batch average of 11.5% AE 1.0%. Cells with sizes as high as 1 cm 2 were fabricated by reversible formation, with future modules likely being limited only by the size of the CVD tube. Chlorine concentrations in perovskite lms were studied by time-of-ight secondary ion mass spectroscopy and may play an important role in cell efficiency and stability.
